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A Radial Coil (or By Coil)

Number of Turns=N
Length of the coil =L

A radia coil has a flat loop of wire whose plane coincides with the radial
plane of the rotating cylinder. The two sides of the loop are located at radii R,
and Ry, as shown above. The flux through the coil at an angular orientation q
IS

Rz
Ro & r g7t
F(q)=NL oB (r,g)dr = NLQ a C(n)g = cos(ng- na,)dr
Ry 0 n=1 ef 8
Ry
¥ NLRg SR, 0" @R 0
F(q) = 2 + + (n)cos(nq na,)
21 n & R’efﬁ éRr ﬂ §

If the coil rotates with an angular velocity w and q = d isthe angular position
atimet =0, then g=wt + d. Theflux asafunction of timeisthen:

F(t) = :
() 21 n éRrefﬁ é

T (n) cos(nwt +nd- na )
z

& NLR« éfﬂeR2 ': @R 0
R
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A Radial Coil (or By Coil)

Number of Turns= N
Length of the coil =L
Angular position at time t=0: d

The voltage signal induced in theradial coil is:

Ny
Ou

adTFo M UC(n)sm(nWt+nd na)

¥
V(1) =- é NLR W

The amplitude of the voltage signa is proporti onal to the angular velocity.
For analysis based on voltage signals, it is essential to control the angular
velocity and make corrections for any speed fluctuations. The integrated

voltage signal gives the flux, which isindependent of angular velocity.

The above expressions assume that the two sides of the coil loop are located
on the same side of the origin, as shown in the figure. If the two sides are
located on opposite sides of the origin, asistrue for many practical coils, then
one should replace R; by —R; in the above equations.
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A Tangential Cail (or B; Cail)

Number of Turns=N
Length of the coil =L

Opening Angle=D

A tangential coil has aloop of wire whose planeis at right angles to the radius
vector through the center of the loop. The two sides of the loop are both
located at a radius of R., as shown above. The flux through the coil at an
angular orientation g is:

+D/2
q+D/2 ! Rc C_')n_l _
F(q) = NL 0B; (R;,q) Redg = NL o a C(n)é T sin(ng- na,)R.dq
q- DI2 9 n=1 Ret o
g- D/2
¥
F(q)= é ZNLRref g T smg——C(n)sm(nq na,)
n=1 Rref ﬂ

If the coil rotates with an angular velocity w and q = d isthe angular position
atimet =0, then q=wt + d. Theflux asafunction of timeis then:

2N|—Rref ch > d§n 7_(:(n)sm(nwt+nd na,)

Re o

g
F()=a
n

=1
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A Tangential Cail (or B; Cail)

Number of Turns=N
Length of the coil =L
Opening Angle=D
Angular position at

timet=0: d
¥ 2NL
F(@=a R(erg r Sin ——C(n)sm(nq na,)
n=1 Rref ﬂ 2
¢ 2NLR¢ 2R,
F(t)=a Rref g = sn ——C(n)sm(nvvt+nd na,)
n=1 R’ef ﬂ

The voltage signal induced in the tangentia cail is:

V(t) =- zlliloJR 2NLR, Waeign sin Do C(n)cos(nwt +nd - na )
TEqts a “SRypy €20 "
The amplitude of the voltage signal is proportional to the angular velocity.
For analysis based on voltage signals, it is essential to control the angular

velocity and make corrections for any speed fluctuations. The integrated
voltage signal gives the flux, which isindependent of angular velocity.

Theradius, R;, of the coil should be maximized to get good signal strength for
higher harmonics. The opening angle, D, should be large enough to give
enough signal and small enough so that sin(nD/2) does not vanish for higher
harmonics of interest (D << 2p/npyy). Typicaly, D ~ 15 degrees.
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Sengitivity of a Tangential Coil to VariousHarmonics (R. = R«)
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Harmonic Number (N)

Typically, one is interested in precise measurement of about 15 harmonics. It
Is clear from the above plot that a tangential coil with an opening angle of 20
degrees rapidly loses sensitivity for higher harmonics, although it is more
sensitive to lower harmonics as compared to a coil with 15 degrees opening
angle. On the other hand, the sensitivity of a coil with an opening angle of
only 10 degrees peaks at 36-pole term, which is of little relevance for
accelerator physics. Such a narrow angle, therefore, sacrifices sensitivity for
lower harmonics of interest with no useful outcome. It is clear from this plot
that optimum value of the opening angleis D ~ 15 degrees.
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A “Dipole Cail” : Radial or Tangential ?

A “Dipole Cail” is a coil with a Y
specific geometry which has the
“Dipole Symmetry”, namely an
antisymmetry under rotation by p
radians. The flux through this coil
can be calculated by treating it as
aradial coil with Ry = —R. and
R, = +R,, oriented at an angle q,
as shown. The flux through the X
coil can aso be calculated by
treating it as a tangential coil

with an opening angle of p

R=Re

radians, oriented at an angle of R _ =
g =q+p/2. Both approaches * i
give the same resullt.
¥ NLRy 2R 0" @ RO
(@=a x uC(n)COS(nOI nan)
" raid ne N Rref 5 éRref 64 "
¢ NLRg &R, 0
- 1- (-D"| C(n)cos(ng- na,)
na:.l n ngef o [ ] "

Similarly,

¥ 2NLR4 @R, 0" aEﬂpo np

F tang. (A9 = Ftang.(Q'*%) = nal éRref = C(n)sm(nq+7— na,)
_ ¥ ZNLRref &R: 0 pr
= a 1 éRref : n“g— Y C(n)cos(nq na,)

The terms with n = even vanish in both the expressions. The flux through a
dipole coil istherefore given by:
s 2NL Rref o
Fpipoe(@) = A é = C(n)cos(ng - nay)
n=1 REf

n=odd
A “Dipole Coil” is therefore sensitive to only the odd harmonics, i.e., dipole,
sextupole, decapole, etc. Such a coil is amost universally used in both radial
and tangentia coil systemsfor “bucking” the main dipole field.
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A Multipole Coil of Order m (A 2m-Pole Cail)

A multipole coil of order m, or a 2m-pole coil is a coil with special geometry
that has m loops connected in series, as shown in the figure. For any angular
position characterized by the angle g, the loops span the angular region of q
to g+(p/m), (g+2p/m) to (g+3p/m), (g+4p/m) to (q+5p/m), and so on. The
flux through such a coil as afunction of g can be easily calculated by treating
it as an array of midentical tangential coils with opening angle of D= p/m
and having angular positions of g = g+(p/2m), g +2p/m, g +4p/m, and so
on.

The flux through the first segment of the coil is:

ﬁf 2NLRd &RC O apo
F1(9) =F (5. (09 = = SN ——C(n)sm(nqd:— na,)
=P8 g 5 oo n
ImaZNLR,ef %RC 0 a']po
n=1 gRl’ef o

C(n) el(nqd> nanp)
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A Multipole Coil of Order m (A 2m-Pole Cail)

The flux through the first segment of the coil is:

¢ 2NLR¢ &R,
1) =F g (0 =Im& Rfe‘é%ﬂ gP0

The contribution due to harmonics which are EVEN MULTIPLES OF M VANISHES

due to the sin(np/2m) factor. Let us now consider the total flux through the
array of loops:

C(n)e|(nq¢r nan)

F(q)= Imax e'”q‘t[1+e'2‘°”’m+e'4‘°”/m ...(mterms)]

n=1
:Imé_x gnae€ 1= exp(iznp) U =0 unless 0= integer
=1 gl exp(|2np/m) ma

2NLRI’ef &R: O w']po
éRref 5 €2mp

Therefore, all terms in the summation vanish, except for those values of n
which are ODD MULTIPLES OF M.

where, X, = ZC(n)e ™n = 0 for (n/m)=even integer.
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A Multipole Coil of Order m (A 2m-Pole Cail)

,nq¢e 1- exp(i2np) u

¥ y
F(q):lméx e a=0; unlessgﬂ—— integer

) &L- exp(i2np/ m)
2NLR ¢ 2R,
where, X, = Rref éRrefg Snae;poC(n)e "n =0 for (n/m)=even integer.

Therefore, al terms in the summation vanish, except for those values of n
which are Obb MULTIPLES OF m. The total flux for the 2m-pole coil can be
written as.

¥
F Q)= ) 2mMNLR, % R. 0

T C(n)cos(nq na )
n=m n Rt & "
n=(2k+1)m

where K is any integer, including zero. If the coil rotates with an angular
velocity w and g = d is the initial angular position of the coil, then g = wt +
d. The flux and the voltage at any timet are:

g 2MNLR ¢ 28R_ 0

F(t) = T C(n)cos(nvvt+nd na,)

n=m n Ret
n=(2k+1)m
F@)_ X 2R, 0
Vit)=-——= a 2mWNLRg &—= C(n)sin(nwt+nd- na,)
l n=m Ret o
n=(2k+1)m

The results for a dipole coil are obtained by putting m= 1. Quadrupole coils
(m=2) are commonly used for bucking in tangential coil systems. Sextupole
and other higher order coils may be used for specia applications.
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Flux Through a Coil of Arbitrary Shape

A
We consider a coil Y
made up of a loop of

wire running parallel to

the Z-axis as shown in

the figure. The shape of

the coil is defined by a

path from the point z

to z in the complex

plane. The length of the

loop is L aong the
negative Z-axis, as

shown.

dr = an element along
the path from z; to z.

ds= ﬁldrll_ = Z
element of area defined
by the line element dr

The flux through the area element dsis given by B. ds. The area element is
given by the vector:
ds=Aldr|[L=(2" dr)L=2" (Xdx+ydy)L = (- dyX + dxy)L
\ dF =B>ds=(B&+B,J).(- dyx +dxy)L = (B,dx - B,dy)L
Let us evaluate the integral of the complex field B(2) from z; to z:
2 2
OB(2)dz= B, +iB,)(dx +idy) = (B, dx- B,dy)+igB,dx+ B,dy)

Z Z

This leads usto the genera result for aloop with N turns:

éz2 u e¥ w\"_ 1 ('jn - onuu
F = NLRe€B(z)dzu= Reea —Rr—C(n)exp( |nan)|§ + 4 - 'U
& u 61 2 N o f€Ret 0 Re o bg
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A Rotating Coail of Arbitrary Shape

A

Let us consider a rotating coil
of arbitrary shape formed by a
loop of wire passing through
two points in the X-Y plane.
In general, both the radial and
the azimuthal coordinates of
these two points will be
different. The radial coil isa
special case where the

azimuthal coordinates of both X
the points are either the same,
or differ by p. Similarly, the
tangential coil is a special
case where the radial
coordinates of the two points
are the same. Any angular
position of the coil is
characterized by an angle g measured from an “initial position”. If z; and z
denote the locations of the two points in the complex plane at any instant,
then the flux through the coil of length L and with N turnsis:

: i
F(Q):ReAé?\l el —C(n)exp( |nan) é 2 gzl 2 Iu
g=c N 2 Rref g &Re o bU

From the figure: z =z exp(iq); 2z, =z,oexp(igq). Substituting in the
above expression for the flux, we get:

H . . u
F(g) = Rega K, exp(ing) C(n)exp(- ina )y
En=1 9]

where K, isthe “SENSITIVITY FACTOR” for the order n defined by:

aNLR ¢ 0| &®Zy 0 O 6" ae2100{,J
Kn=¢ é é =y
e N g Re & Rrefzb
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Tangential Coil asa Special Case of a General Cail

eg _ o
F(g) = Rega K, exp(ing)C(n)exp(- ina,)(
Eh=1 9]

K B&N'—Rref 61220 8" 22100}
S HErL: ER.3Y
“ b

For atangential coil, when q is measured from the X-axis,

20=R.exp(iD/2); z,0=R.exp(-iD/2)

.2NLRrer 2R -naEﬂ_DQ

gRref g .
The Sensitivity Factor for atangentlal coil is purely imaginary. The flux at the
angular position q isgiven by:

\ KB =

2NLF\>ref @R,
n= 1 éRref ﬂ

F tang (Q) = —C(n)Sm(nq nap)

which is the same expression as derived by directly integrating the radia
component, B(R.,q), over the angular extent of the coil.
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Radial Coil asa Special Case of a General Cail

eg _ o\
F(g) = Rega K, exp(ing)C(n)exp(- ina,)(
Eh=1 9]

"€ n 1% 6% E;Z

For aradial coil, when q is measured from the X-axis, zo =tR; Z0=R.

It should be noted that z , = +R; when R; and R; are on the same side of the
center and z; o = —R; when R; and R, are on the opposite sides of the center.

NLR, ¢ EfaeRz _n ae+R10n9
n = =
g Reog EReg d

The Sengitivity Factor for aradial coil is purely real. The flux at the angular
position g isgiven by:

\ K radia _

¥
NLR ¢ %eRz RlT Uc(n)cos(nq nan)

F radi =
aia () n:1 n Rrefz éRrefﬁa

which is the same expression as derived by directly integrating the azimuthal
component, By(r,q), over the radial extent of the coil.
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An Array of Rotating Coils

Let us consider an array of M coils mounted on the same rotating system. Let
the sensitivity factor of the j-th coil for the n-th harmonic be denoted by

K, j=123---M. Let al these coils be connected either in series, or in

opposition, to generate a combined signal. The total flux through this array of
coilsisthe algebraic sum of the fluxes through individual coils:

M
F(a)=a eF ;(a)
j=1

where g = +1if the j-th coil is connected in series, and g = —1 if the j-th coil
IS connected in opposition. From the general formula for the flux through an
individual coil, we obtain:

8 el k() - ing).
F(a)=a e; éReq Ky’C(n)exp(- ina,,)exp(ing)y

ji=1 € n=1 8
eM ¥ _ u

—Reea a e; Kr(]J)C(n)exp(-inan)exp(inq)g since € isreal.
81 =1n=1 H

= Rea éa e K(J)‘C(n)exp( ina ,)exp(inqg)
=1

:Rea K, C(n)exp(-ina ,)exp(ing)
n=1

where K, isthe overal sensitivity of the array. From the above equation, it is
clear that the sensitivity of an array of M coils connected either in seriesor in
opposition is given by an algebraic sum of the sengitivities of the individual
coils:

ej Kr(1j)

1

Qo=

Kp =

._.
Il

If the individual coils are properly designed and € are appropriately chosen,
the overall sensitivity of an array of coilsto a particular harmonic (or several
harmonics) can be made zero. Thisisthe principle used in “bucking”.
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Transverse Vibrations of the Rotation Axis

Let us consider arotating coil of
a general shape whose rotation |
axis has a displacement as the ~ .
coil rotates. This displacement, N \

D(q), of the rotation axis in the ™ \
complex z-plane may be a func- \ \
tion of the azimuthal angle, Q. \
The positions of the two sides of
the coil loop at any angular A \ |
position, g, are given by:

z =z 0exp(iq)+D(q); 2z, =2, exp(iq)+ D(q)

The expression for flux at any angular position, q IS

e .. LN {ju

5 a\L 8" e, oW
F(a)=ReZa ¢ e S mexp(- man>.§ :-g iyl
61 1€ N @ T o @ Rref 1] 'g

"
..N n

K é\"—Rref O| $Z20 &210 9

"€ GERas ERud

SENSITIVITY FACTOR FOR n-th HARMONIC

ol e

Casel: APureDipoleField:

For a pure dipole field (n = 1), the expression for flux involves only the
quantity 2z —2z3 =[Z0—210].exp(iq), which is independent of the
displacement, D(q). Thus, the flux linked through a coil in a pure dipolefield
Is unaffected by transverse displacements of the rotation axis. This result is
not too surprising because displacements in a pure dipole field do not produce
any feed down harmonics.
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Transverse Vibrations of the Rotation Axis

vl =20 €9+ D(0)
DN, B ,
AN 2 =7 gexp(iq) + D(q)
1 . _ )
R ® 2,=2 469+ D(q) z) = 2y p exp(iq) + D(q)
D@ \
N
\
\\\ \2210 éé‘ Ed\“_Rref 0 . ]|'6922 (jn %Zl On%’ll‘:j
\ L F@=ReEA T el ina g2 - £
\\ \\\ gt fee 2 by
.Z \ N X
A \ 10 | L ..l ..I’lu
| || K _SEN Ret 012,00 27,0 |
n-— - -
X e n ﬂféRref 2 e 9 i;

Casell: APure2n-PoleFi€d:

An approximate expression for the flux in a pure 2n-pole field can be
evaluated by using a binomial expansion and neglecting terms of the second

and higher order in [D(Q)/R«], assuming that |D(q)| << R.¢. We get:

| | é . . o
Fn(q)» Re{ Kne™ C(n)e™™n| + RegKn_ 1e'(”' 1)q1{méﬂyc(n)e— inan, g_l_
ef

The flux picked up by a rotating coil in a pure 2n-pole field is, in generd,
affected by transverse displacements of the rotation axis. To a first
approximation, the effect on the flux is proportional to the amplitude of the
displacement and the sensitivity of the coil to the 2(n—1)-pole terms. It should
be noted that the highest power of D(q) in the expression for the flux from a
2n-pole field is (n—1). Thus, only the first term in the above expression
survives for a pure dipole field, whereas the first two terms represent the
complete expression for flux in a pure quadrupole field. For fields of higher
multipolarities, other higher order terms are also present, but can be neglected
in practice if the condition |[D(Q)| << R« issatisfied.

If the coil is replaced by an array of coils whose combined sensitivity to the
2(n—1)-pole term is zero, then the effect of small transverse vibrations is
practically eliminated. Thisisthe basisfor bucking the (n —1)th harmonic.
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Periodic Transverse Motion of the Rotation AXis

v| 2y=2,( €9+ D(q)
R _ |
AN 3 =z oexp(iq) + D(q)
1 . _ .
e~ © 2,=21 €9+ D(q) z, = g exp(iq) + D(q)
< D@ \
h \ ZZO n n i)
AN \ e aNL R 0 ®z7 0 Pﬂ
\ \ F(a) =Reza QT-C(H)GXIO( man)l Rri‘ - gR Y4
\\ \\ @n—l 1 e I ref & bg
\ \
’21'0 \\ N[
A \ | SNLR ¢ OI ®Z50 9 0" Ez00 7
L e R ey
X 1 f ef b

If the displacement amplitude, D(q), is a periodic function of q :

¥
D(9)= a Dpexp(ipg)
p=-¥
In a pure 2n-pole field:

é u
+Re§Kn_ |(n Dq |'(n l)D(q)pC(n)e manu_l__“

F n(q) » RgK,e™ C(n)e ™
% 8 R g

: & : :
D(q)el(n—l)q — é Dpe|(p+n-1)q +D. St é D pe_ i(p- n+l)q
p=- n+2 p=n

¥ | | y . |
Re § D. e '(P""™DIK C(n)e™n =Re § D. P "HIK] ,C(n)e™n

| | ¢ & - n- 1)D 0
F.@Q)» Re{Kne'”qC(n)e- nan, | 4 Reg é Kn_le'(P+n'l)q ( Rr) p C(n)e M™n ;
p=-n+2 ef
é B i u é 5 * P n- 1 ‘
+Re§Kn- 1%(:01)6 Ina g+ Re{eé Kn_lel(p- n+1)q ( )D. p C(n)ema“ u

8 o 0  8o=n Rt H

The amount of “ Spuri ous’ 2m-pole harmonicsin the measured flux is:

L 63D 63D u
Cqmye ™ 5 (n- 1) m (02 cmm'Mn+g 11980 m (09 i
; Km fﬁ Re & Km Re o H

For asin(pq) displacement, possible values of m = (p+n-1), (p—n+1), (n—p-1)
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Torsional Vibrations of the Rotation Axis

A = pexplig+iT(q)]
Y[ K BN

\ N

-~—~ L z1=20expliq + iT(0)]

d AN
ot Z
/:_ AN 2,0

Y

Let us consider a type of rotational imperfection where the position of the
rotating coil at angular postion q is not at g, but at an angle of g+ T(Q), as
shown in the figure. Such an imperfection may result either from an actual
torsional vibration of the rotating coil, or it could be due to errors in the
triggering of the data acquision. In general, the angular shift is a function of
the angle. The position of the coil is characterized by:

z =70explig+iT(q)l; 2z =2z cexplig+iT(q)]

The flux through the coil is given by:

€Y ZNLR o lez, 0" ®2 6"
F(q):ReAa QT;jC(n)exp( |nan)|é + er + 'U
g"' T o @ o @ bg
The sensitivity of the “perfect coil” to the 2n-pole field is defined as:
aNLR, o| 2z, € 6" @z, 0 J,u
Kn=¢ é T - —: y
e n Re s éReg
% b
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Torsional Vibrations of the Rotation Axis

Zy =2y expliq+iT(q)]

Y[ K e Py i
NN F(@)= Reea 3 PR e )l LSl 2y
AN gt §ERer & o« 0 bu
——~<)z1=2 pexpliq+iT(q)]
O N
~ \ ngj
@ \\ \ 22’0 é\ILRref Ol &22 0 9 & 9 I[
~ \\ \ Kn —g é T é T y
\ \\ e n o O b
\ \
\ \
20 ) o
2 \ | 2 =7 oexplig+iT(q)]
|

X =z explig+iT(q)]

F(a) = Re&a Kn exp(ing).exp{inT(q)} C(n) exp(- man)u
1

In practice, the angular error, T(q), is expected to be very small. Therefore,

exp{inT(q)} » 1+inT(q)

eg i U ég . 0
F(q) » Reéé KnemQ_C(n)e- inap a+ Re@é inT(q)Kne'”q.C(n)e' inan 7
g"l:]. g gnl:l g

To a good approximation, the amplitude of distortion in a given harmonic
component of the flux seen by the cail is proportional to the amplitude of the
distortion as well as the sensitivity of the coil to the 2n-pole terms.

If the magnet has only one dominant harmonic, then the effect of torsional
vibrations can be minimized by making the sensitivity of the coil (or an array
of coils) zero for that particular hamonic. This is the basis for bucking out
the dominant harmonic term from the pick up signal. It should be noted
that if the magnet has large alowed or unallowed multipoles, the effect of
torsional vibrations is not completely cancelled.
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Torsional Vibrations of the Rotation Axis. Periodic Displacements

z,=2zypexpliq+iT(q)]

MEEN N T~ ég ing -inan[,J
N F(g) » Regg Kne ™.C(n)e gt
: S €n=1 9]
—~—_)Z1=27 gexpliq +iT(q)] Ly .
¢ N es . : U
5/ . N Regg inT(q)K,eM.C(n)e M g
N, AN \ 20 =1 s
\\ \\
\ Y N
2, ad\ILRrefo,aezzoo &z, 0 0
o VT ‘ Knh=¢ é : é : y
|
| | e n ﬂ b
X

If the displacement amplitude, T(q), isaperiodic function of q :

¥
T(q)= & T,exp(ipa)
p=-%¥

| ¥ ¥ |
T@eM™= T, P T + §T eip-ma
p=-(n-1) p=n+1

Re[inT_ oKne (P~ MAc(n)e Man| = Re[- inT. K, e'(P-MIc(n)e™n

In apure 2n-polefield:

Fn(a)» Re[ Kne™MC(n)e M n|+Red  § inT, K e'(P*Mac(n)e Mn i
Ep=-(n-1) H

+Ree a inT Kpe'(P r‘)qC(n)e'”"J‘"u
@p n+l H

The amount of “Spurious’ 2m-pole harmonicsin the measured flux is:

+ReinT._ K ,C(ne ™

¥ K, 0 Cina. &K 0 u
Cqm)e 'mh »mgK_:]ETm' ,C(n)e n - %K;ﬂT m- nC(n)e'“ang
If T(q) has a simple angular dependence of the form Tcos(pq) or Tsin(pq)
then it will produce spurious harmonics corresponding to 2(n+p)-pole and
2|(n—p)|-pole field.
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Example of a Practical Radial Coil with Bucking

coil B

f'a: 6.117

r = 6.17 mm

HERA Dipole Cail

Cail A: Main Call
Coil B: Dipole Bucking Cail

Coil C: For compensating any
angular misalignment coit €
of Coils A and B.

[y —

\

N

Condition for Bucking the
Dipole field component:

|
|
|
i
!
l
!
i
1

Na(rp - 1) =Ng(rz+1y)

l.-_cu...(

=117 r,=195mm

: iLC
HERA Quadrupole Coil r=8.48 :——Q’L——Hi r, = 8.48 mm
|
| i
The compensated signal is: i | 5
] . |
Vioucked =Va - VB - Ve | | I
Coil D: For compensating any angular
misalignment of Coails. — N - |coit D
Condition for Bucking the Dipole field ! L —”: ;-
component: ! by /!
i | |
NA(ro +1)- Ng(rz+r4)- N(r5+rg) =0 ! E I : :
i ' . ! |
Condition for Bucking the Quadrupole '; - Coit B! E
field component: | ry= 235  ,=1485 mm,
e cotl A ,
NA(rZZ- r12)' NB(r42- r32)- Nc(r62- r52)=0 ry=13.89 r, = 20.0 mm

Other designs also exist with asimilar philosophy.
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Example of a Practical Tangential Coil: the RHIC Coils

97°30°0"¢ 21! Ner300°22"
110938+ 7 | 69°'50'25"% 2"

130°44°25°+ 2" A 4915357+ 2"

SR

200°09"38"+ 2~ _ ! ( », 02 339°50°28°+ 2"
!

229'1535" ¢ 2 02 ~. ] ‘ D1310'44°25°2 7
249'50'25"+ 292 Q12909°35"+ 2"
262°30°0°t 2" 277°30'0"t 2°

Tangential Winding: 15 degrees opening angle, 30 Turns
Dipole Buck Windings: 3 Turns each, at +49.260 deg. wrt tangential
Quad Buck Windings: 3 Turnseach, at +24.840 deg. wrt tangential

Analysis is based on the Voltage signals, rather than the integrated voltage
signals (the flux). The bucked signal is defined as:

Vibucked = Viangentia * f1iVoe1 + f2Voe2 + f4aVoe1 + fsVoe2

With the above design, f; =f, =1, =15=-1 to buck out the dipole and the
guadrupole components in the bucked signal.

All RHIC measuring coils are built with the same basic design. The radii of
the windings are scaled to suit the aperture of the magnet to be measured.
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Analog Bucking

In Analog Bucking, the various coil signals are added before doing any
analysis. The FFT is also carried out on one (or more) signal directly to get
the main harmonic component. The summing circuit must be tuned to
precisely cancel (a bucking factor of at least several hundred) the dipole and
the quadrupole components.

. Calculate
Data Acquisition | | FET M the Main
"Main" Coll V(t)’ ov/.dt Harmonic
Other Coils = Data Acquisition Calculate
-] — FFT [ Other
@ V(t)’ 0/.dt Harmonics

Digital Bucking

In digital bucking, all the coil signals are acquired without any summing. The
summing coefficient for each signal is determined from a FFT analysis. These
coefficients are then calculated based on which two harmonics are to be
eliminated in the bucked signal. The bucked signal is then digitally
constructed and Fourier analyzed to get the harmonics.

" —@— Calculate
< v Bucking Calculate
c ( > Factors Calculate Harmonic
= o
& \V/ FET Bucked |— FFT Amplitudes
— Signal and
LO) —(V) (Magpet Phases

@ Specific)
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Bucking Algorithm for the RHIC Coail inVarious M agnets

Five Windings:

DB1: Dipole Coil
DB2: Dipole Coil

T. Tangential

QB1l: Quad Cail
QB2: Quad Cail

DB1,DB2:
QB1,QB2:

Ners00 22"
69'50°25"t 2"

97300t 21
1109°38"2 2"

130'44°25°+ 2"

15950257 27 92

» 1
20009°35°+ 2" Q 339°50°25° 2"

22915°35°2 7" 02 D310 4412527

12909'35°£ 2"
277'300°+ 2"

249'50°25"+ 2°92
26230072

Sengitive to Dipole, Sextupole, Decapole, etc. terms.
Sensitive to Quadrupole, Dodecapole, etc. terms.
T: Sengitive to all harmonics of interest.

Goal: To buck the most dominant, and the next lower order harmonic for
any magnet. (Not achieved for Octupole and Decapole magnets)

M agnet Use Use _ _
Type DB1,DB2 | QB1,QB2 | Calculation of Harmonics
to buck to buck
_ _ Quadrupole Dipole from DBl,DBZ_
Dipole Dipole (optional) Quad from QB1,0QB2 (if used)
Rest from Bucked signal.
Dipole from DB1,DB2
Quadrupole | Dipole Quadrupole | * Quad from QB1,QB2
" Rest from Bucked signal.
Sextupole from Tangential
Sextupole Sextupole | Quadrupole |* Quad from QB1,QB2
" Rest from Bucked signal.
Decapole from Tangential
Decapole Decapole %st?g:glo)le Quad from QB1,0B2
Rest from Bucked signal.
Dodecapole from Tangential
Dodecapole | Decapole | Dodecapole | © Decapole from DB1,DB2
" Rest from Bucked signal.

Page 26

US Particle Accelerator School on Superconducting Accelerator Magnets, Jan. 22-26, 2001, Houston, TX.




Calculation of the Bucked Signal

Ners00 22"
69'50°25"t 2"

97300t 21
1109°38"2 2"

DB1: Ny, Ry, d]_
DB2: N,, R,, d2
T: N3, R3, d3, D
QBl N4, R4, d4
QB2: N5, Rs, ds

130'44°25°+ 2"

15950257 27 92

» 1
20009°35°+ 2" Q 339°50°25° 2"

Vibucked = Viangentia + f1Vbs1
+f,Vpe2 + f4Vog1

22915°35°2 7" 02 D310 4412527

12909'35°£ 2"
277'300°+ 2"

24950°25"+ 2°92
26230072

+fsVos2

The values of the coefficients fi, fo, 4, f5 are calculated from the Fourier
analysis of the individual signalsin such away asto completely cancel two of
the harmonics chosen according to the type of the magnet being measured.

If Ny is the harmonic to be cancelled with the DB1 and DB2 windings, then
the design values of f; and f, are given by:

Ny 0aR; 0™ Sin{my(dg - dp)} . amDG . amps
gleéRlz sin{ny(d; - dy)} €20 €20

aN 4 63, 6™ sin{ ny (d; - da)}
8N %Rzﬂ Sm{nl(dZ dl)}

Similarly, if n, isthe harmonic to be cancelled using the QB1 and QB2:

fi=

aDo_. ampo

M " o 5

fy =

&N, oaeR3o 2 sin{ny(ds - d5)}

a,Do Sl @zpo

4_82N ﬂ?éRw sm{nz(d5 d4)} 2 2 4 @
¢ _@Ng oaeR3o 2 sin{n,(d, - d3)} sm Do 5 2P0
fs §2N. SR, 5 sin{n,(ds - d4)} 58 4 0
Ny f1 f, Ny f4 fs
1 -1.00 -1.00 2 -1.00 -1.00
3 —2.26 —2.26 6 —-2.06 —-2.06
5 +7.57 +7.57 — — —
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Effect of the Finite Size of the Coil Windings

In practice, the coil windings

ae not point-like. To ,
accommodate the necessary Y
number of turns, the winding
must have a finite cross /

section. This could introduce / \
errors in the measurement of ; RS
the amplitude of the harmonics. 4 7 \
Although typical winding cross / <

sections are rectangular, it is S P

convenient to roximate it % _ :
with a sector ofagr? annulus, as // 2 %= Rexp(f)
shown in figure. The winding A

IS assumed to have an angular
width of (2a) and thickness X
(2d). The mean position of the

winding is denoted by z, = R.exp(if ). The sensitivity factor of the winding to
the 2n-pole term involves the quantity Z'. The value of Z" averaged over the
cross section of thewinding is.

.
>

R+d f+a

5 rdr ¢ inf ) df
R f_oaexp( ) _[(R+d)”+1-(R- )™

(2a)(2d) - 4in(n+1)ad

1\

?i dg"u

+—— -¢l- =

sm(na) RO g

2(n+1)(d/ R)

..+l n+lp
C +do do U

a
sin(na) RO Re 4
na 2(n+1)(d/ R)

ein(f +a) _ ein(f -a)

(Zn)avg. =

R" exp(inf)

If the winding is assumed to be point like and located at the geometric center,
the above formula gives the error in estimating the amplitude of the 2n-pole
term. Expanding in a power series, it can be shown that the leading correction

terms are of the second order in a and (d/R).
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Effect of a 1mm”~ 1 mm Winding Cross Section

1.2

1 —0— 25mm Coil Radius
—=— 10mm Coil Radius ﬁ

g

"\
N

Error in Amplitude (%)

0.2

0 T T T T
0 2 4 6 8 10 12 14 16

Harmonic Number (n)

For a25 mm average radius of the measuring coil, the errors introduced with
a 1 mm wide and 1 mm thick winding are negligible for all the harmonics of
interest. For a smaller radius coil, the errors are more pronounced, as
expected. However, even for a 10 mm radius coil, the erors for the
harmonics of interest are till less than one percent. The finite size may,
however, be a serious limitation in measuring the transfer function of higher
multipole magnets (such as sextupol es, octupoles, etc. correctors) with a small
diameter measuring coil.
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Random Variation of Winding Radius Along the Length

Let us consider one segment of the coil loop in either aradia or a tangential
coil. The radius is assumed to vary randomly along the length L of the cail

with a mean vaue of R. and a standard deviation of Sg. The effective
sensitivity factor of the coil for the n-th order harmonic is proportional to R'.

L L L
R(z) = R. +&(2); %(‘)Q(z)dz:Rc; CR(2)dz=0; s%z%dR(z)- RC]Zdz
0 0

0

Rk n(ancl) g

+

r‘é'g

o OO O

15 iy
I(()iR(Z)] dz =

@>@x (D

e 20
Rcél n(n- 1) as g0 G

& 2 gRCﬂH

The sensitivity factor for the n-th harmonic is given by:

2Q
Kn »K'dealﬂ n(n- 1)6$ROL:I

8 2 gRCﬂH

In order to keep the error in the amplitude of the n = 15 term less than 1%,
we should have sy £10°%R.. A somewhat tighter tolerance may be required

if such a cail is to be used to determine the transfer function in a magnet of
higher multipolarity, such asin a dodecapole corrector magnet.
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Random Variation of Angular Position Along the Length (Twist)

L
—_ //\ i/
d I// //\\d I// /
St i _____ T_J
\\ \
\ \

Let us consider a tangentia coil in which the radii and opening angle are
uniform aong the length. However, the angular position, d, is assumed to
vary randomly along the length L of the coil with a mean value of d. and a
standard deviation of Sg.

L L L
d(2) = d_ +e(2); %(‘J}I(z)dz:dc; P(Ddz=0; s2 :%dd(z)- d]? dz
0 0 0
The flux seen by the coil for the 2n-polefieldis:
L
Fo(n %c‘)C(n)sin(nWt +nd. +ne(z)- na,)dz
0

Expanding sin[ne(z)] and cog[ne(z)] in power series and retaining only the
terms up to the second order, it is easy to show that:

L
0é L
Fn(t)p%C(n)sin(anndC- na,)s él- %e (z)udz+ C(n)cos(nvvt+nd - na,)oe(z)dz
0e ¢ 0
0
n2 ,u
= C(n)sin(nwt + nd,, - nan)él —sgu
e 2 g
The sengitivity factor for the n-th harmonic is given by:
€& n2 LU
Ky » K}]deal él- n—Séu
e 2 ¢
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Random Variation in Opening Angle Along the Length (Tangential Coil)

L
Y /A\
/
A Pz
—E———5——= - ——————— —+—
< V4 > ‘
\
\
\

Let us consider a tangential coil in which the radii and the mean angular

position are uniform along the length. However, the opening angle, D, is
assumed to vary randomly along the length L of the coil with a mean value of

D. and astandard deviation of Sp.
Lt L Lt
D(z) = D, +€&(2); E(‘jD(z)dz:DC; R(2)dz=0; s} :EdD(Z)' DC]Zdz
0 0 0

The flux seen by the coil for the 2n-polefieldis:
L

anD(z

Fn(@u— osng 2)0

0

dz

Expanding sin[ne(2)/2] and cog ne(2)/2] in power series and retaining only
up to the second order terms, it is easy to show that:

L
an O e 2
Fn(a)p— sng ga él-
oe
0
2!
Fa(@ps E DU
@ ¢!
The sengitivity factor for the n-th harmonic is given by:
deal & N° _oU
Kn» Ky dl- 3 —SpU
e s
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| mperfect Tangential Coil : Unequal Radii of the Two Grooves

Let us consider a
dightly imperfect
tangential coil where
the two sides of the coil
loop are not at the same
radius. Such an
imperfection can be
rea, resulting from
unequal  depths of
grooves in the coaill
form. Even with a
perfectly  built coail,
such an imperfection
will be apparent if the
rotation axis does not
exactly coincide with
the geometric center of
the windings. It is

assumed here that the wires are located at radii of R, —eand R; + e.

és _ _ U
F(g) = Regq K, exp(inq)C(n)exp(- ina p,);
=1

K SENLR’efO'anzoO 27,0
" e n TgRrefﬂ gRrefﬂb

20=(R. - e)exp(iD/2); z,,=(R +e)exp(-iD/2)
Zyo- zo = (R +e)n exp(-inD/2) - (R. - €)" exp(inD/ 2)
anDg | aned anDpU

»2F2c |sm%2 gRCg S%Zﬂld

The first term can be identified to be related to the sensitivity of the perfect
coil. The second term implies that both amplitude and phase errors are
introduced in the sensitivity factor. Also, for coils such as the dipole coil with
D = p, the flux for a perfect coil is zero for even harmonics. Thisis no longer
the case with an imperfect coil. However, the alowed terms for a dipole cail
are not affected since cos(np/2) = 0 for odd values of n.
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| mperfect Tangential Coil : Unequal Radii of the Two Grooves

inD/2 _ n ,inD/2 DO ane0 %DOQ
Zyo- 2o = (R.+e)"e -(R.-e)'e »2RC |sm% > 5 chﬂ 0sg > fZ’H
Assuming that sin(nD/2) is not zero, as is the case for the harmonics of
interest in apractical tangential coil (D»15°):

.aane
R0

where A, is an amplitude correction term and I n isaphase error given by:

é L
220 - 210 » - 2iR0 smg——él 0cot% 2D 1=-2iR0 smg——Ah exp(inl )

A, = \/1+§8E2 Cotzgn—D_ » 1+ ”_geie o 28D0
29
Cemed anDoU 2D
—tan 15 cot co
~&no ch@ 82 u»gRCg 82@

The amplitude error is of the second order in (e/R.) and can generally be
neglected. For typical values of (e/R) ~ 107, the phase error could be several
milli-radians for the lowest order harmonics. The phase error reduces with the
order of the harmonic as roughly (1/n). The expression for flux is given by:

¥ 2NLRg ®R_
F »
(q) na.1 éRref o

s '%C(n)sn{ ng- n(@an- I )}

Page 34

US Particle Accelerator School on Superconducting Accelerator Magnets, Jan. 22-26, 2001, Houston, TX.



Offset in the Rotation AXxis

Y
20
Kn M ZZn,O - Z]TO
40
K$H (250 +Dz5)" - (7,0 + Dzp)"
Dz, X

DKn — (22,0 + DZO)n - (Z:LO + DZO)n -1 Rotation
Kn 220 _ ZJTO AXis

The sengitivity factor for the dipole term is not affected. For other harmonics,

(n- k)D
DK 0 _g'e n uHEDzooks'n( )
—aeg
Kn gtangentlal k=1ek|(n k)'ltg ch Sm(Z)
K0 _ n. 1é n K _ Pin- k
K n+ - a ek| k |tKDZO _ n
n Drogia k=1€ (” )'u Rz R

Usually, afirst order approximation is adequate:

ez0ot- 25t aK 6 az, Sm[(n-l)D]
RPN n(DzO)eMu 2 » ng 2 2D
Kn é Z20 Z10 g Ky gtangenual R o Sm[n ]
6 e n 1u
??l(n+ » n(DZO)MU
n Bragial R' 8

These results may also be used to estimate the effect of a“bow” or abend in
the measuring coil. Different sections of such a coil will rotate about an axis
which is offset from the geometric center by different amounts. An upper
bound on the resulting effect can be obtained by equating Dz, to the total bend
in the measuring coil.
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Offset in the Rotation AXxis

7.0

6.5

6.0

—&— Tangential Coil (25mm, 15 deg.)
----8--- Radial Coil (25mm, 8mm)

5.5
5.0 -
4.5

D\.

4.0

3.5

3.0

2.5

2.0

1.5

1.0

Error in Amplitude (%) for 0.1 mm Axis Offset

0.5

0.0 -

2 4 6 8 10 12 14 16
Harmonic Number (n)

Percent error in the amplitudes of various harmonics with a 0.1 mm offset in
the rotation axis. The tangential coil is assumed to have a radius of 25 mm
and opening angle of 15 degrees, while the radia cail is assumed to have the
radii R, = 25 mm and R; = 8 mm (~ R/3).
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Systematic Errorsin Coil Parameters (Calibration Errors)

The coil parameters of primary interest are the radius (R), the angular position
at the start of the data acquision (d), and in the case of a tangentia cail, the
opening angle (D). A systematic error in the knowledge of these parameters
will result in systematic errors in the calculation of the field parameters,
namely the amplitudes C(n) and the phase angles a ..

Systematic Error in the Radius:

n. | DKn_ a@PRo
Kot R\ <, —ngRg

where K, is the sensitivity factor for the n-th harmonic and DR is the

systematic error in the radius R. For a (DR/R) ~ 107, the systematic error in
the amplitude of the 20-pole term will be ~ 1%.

Systematic Error in the angular Position:

A systematic error, €4, in the initial angular position, d, leads to the same
error in the determination of all the phase angles. This would give rise to
skew termsin a purely normal magnet, and vice versa.

a,® a,-eq; C(n)exp(-ina,)® C(n)exp(-ina,) cos(ney) +isin(ney)|

The multipoles in a magnet are generaly expressed in a reference frame
where the main field component has a zero phase angle. In this case, there
will be no systematic error in the multipoles, since the phase anglesrelative to
the main field till remain the same. However, when accurate determination
of the field direction of the main component is required, such a systematic
error is unacceptable. Efforts must be made to periodically check the
calibration, and/or correct for the errors by making measurements from the
lead and non-lead ends of the magnet. For a 2m-pole magnet, the measured
phase angles from the lead and the non-lead ends are:

&P 0
Qlead =@m- €45 @non-lead = [1+( 1) ]i_'am'ed

= (% [{1+(— 1)m}(j2pr—n) - 8ead - Anon- Iead]
am = (%)[alead - @pnonelead T{1+(- 1)m}(épr_“)]
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Systematic Error in the Opening Angle of a Tangential Cail

The sensitivity factor, K,,, of atangential coil depends on the opening angle,
D, as:
18]
Kn p. Sﬂg;a

For a systematic error €5 in the opening angle,

0.40

0.35

0.30 P

0.25

N
N/
X1/
oL v

0 2 4 6 8 10 12 14 16
Harmonic Number (n)

Error in Amplitude (%)

Effect of a 1 mrad systematic error in the determination of the opening angle
of a tangential coil (D =15 degrees). The error is significant for the lower
order harmonics. In atypical 5 winding tangential coil system, the dipole and
the quadrupole terms are obtained from the dipole (D = 180 degrees) and the
quadrupole windings (D = 90 degrees) which are practically insensitive to this
error.
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Effect of a Finite Averaging Time

In the acquisition of voltage data from the RHIC tangential coils, the signals
are averaged over one power line cycle to get rid of any AC noise on the
signals. At atypical angular speed of one revolution every 3.5 seconds and a
power line frequency of 60Hz, the coil rotates about 1.7 degrees during one
power line cycle. This motion during data integration can cause errors.

If Dt is the averaging time, the n-th harmonic component in the measured
voltage signal is:

1 t+Dt
V,(t) § o ocos(nwt + nd - na,)dt
t

:i[sin(nvvt+nd- na, + nwDt) - sin(nwt + nd - nan)]

_ Sn(nwDt/2) cosenvvt + nga%l +—+- na na
nwDt / 2 e 2 9
sin(nwDt / 2) cad ¢ o
Amplitude Correction Factor = WDt/ 2 »1-164n g.l_ p
at o

Effective Angle Calibration = d¢=d+(wDt/2) =d + pg——

where T is the period of rotation. For Dt =1/60 sec. and T=35 sec,
(DUT) ~4.8 10-3.

The amplitude error is 0.004% for the dipole term and is 0.84% for the
30-pole term. This effect is negligible. However, the angle calibration is
affected by roughly 0.86 degrees (15 mrad). Fortunately, the error is harmonic
independent, and can be absorbed in the calibration of the coil, as long as the
angular velocity is kept the same. Considerable error will result, for example,

if the coil were to rotate in the opposite direction (W ® —Ww).

In practice, the coil rotation period may not be the same during calibration
and measurements. It is necessary, therefore, to specify the rotation speed of
the measuring coil along with the angular parameters. Corrections must be
applied to the calibration values based on the actual rotation speed during the
measurements according to the above equations.
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Rotation Axis Different from the M agnetic Axis

If the rotation axis of the coil is A A

not coincident with the magnetic Y Y'

axis of the magnet, the measured _
harmonic  coefficients  are Zy = Xgt 1Y
affected by feed down. — ro' exp (| X)

O: Center of Measuring Cail
O :Magnetic Center
)io_ O’ Magnet Frame

Zo = Xo + 1Yo = Location of | _ > >
: , A :
magnetic center in the W | X
measuring coil frame. Yo
X .
o) |  Meas. Coil Frame >
If C(n) and a,, are the measured X

parameters in the measuring coil
frame, then the parametersin the magnet’ s frame are given by:

) k-
o - (k-1)! &z 0
C&n)exp( |naﬁ)—2nc(k)eXp( 'kak)(n_ (K- n)!éRrefE

n

Magnetic center is defined as the location where an appropriate harmonic is
zero. For example, for a 2m-pole magnet other than a dipole, the magnetic
center is defined as the location where the 2(m-1)-pole term is zero.

C e i(M-Dafh g — - N (M-Dam 1 - -imamgeZ O
CEm- e C(m- 1)e +(m- )C(m)e Ra &
.2
m(m- 1) -i(mtDamg g% 0O
+—5 - C(m+De Reet &
) _ .3
+m(m6'1) C(m+2)e'|(m+2)am+2 R?_ng +...
=0
For most magnets, terms other than C(m) are small. For small offsets,
&5 0 1 C(m-Dexpi-i(m- Da,,

Ra5 (M1  C(myexp(-imay)
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Rotation Axis Different from the M agnetic Axis

A

/\Y v

Zy= Xgt 1y
=roexp (i X)

X0 o) Magnet Frame

Y >

- ——— >
Z

(N lyo X
O X I Meas. Coil Frame >
X
C¢m- 1e (MYak1 = c(m- 1)e (™ VaAm-1 + (m- 2)C(m)e”Mm %g

.2
- 1) C(m+1)e' i(m+l)a m+1 RZr_(;g

m(m
+
2

3
m(m?- 1) -i(m+2)a e A2 0
+ M-I c(m+2)e m2 g0 2 + ...

For dipole magnets, no “natural” definition of a center can be used. Various
strategies are used to define the center of a dipole magnet. For example, one
could argue that the very high order unallowed terms are not sensitive to
small construction errors, and hence must be zero. If so, one could pick min
the above expression to be a sufficiently high order allowed term and
calculate the center by requiring C' (m-1) to be zero. Of course, this works
only if C(m) itself has sufficient strength. Because of the large values of m,
the measured coefficients are of comparable strengths for both the alowed
and the unallowed harmonics, even with relatively small offsets. As aresult, it
IS often necessary to use higher order terms to calculate the offset. In many
cases, ambiguous results may be obtained because of the non-linear nature of
the equations. To resolve this, it is best to find a offset that will
simultaneously minimize several unallowed harmonics, rather than just one.

Other strategies for dipoles include the hysteretic centering, or minimization
of current dependence of quadrupole terms (cold data) or an “ugly quad”
method, used with much success for both warm and cold data at RHIC.
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The Quadrupole Configured Dipole (“Ugly Quad”) Method

UPPER

UPPER |
COIL COIL

LOWER [ LOWER
COIL COIL

DIPOLE MODE QCD MODE

The quadrupole configured dipole method relies on powering the two coil
halves of a dipole magnet with opposite currents to produce a strong skew
guadrupole field, instead of a dipole field, as shown above. This requires a
center tap connection on the magnet. The allowed harmonics are now the
skew quadrupole, skew octupole, skew dodecapole, and so on. Several of
these allowed harmonics are quite strong, and feed down from any one of
them could be used to calculate the center.

Since two separate power supplies are required in this mode, it isimportant to
balance the current in the two halves with great accuracy, otherwise a
spurious dipole field will also be generated that would affect centering
calculations. The sensitivity to any current mismatch can be greatly
minimized by using feed down from the skew octupole term, rather than the
dominant skew quadrupole term.

This method has been used at RHIC with great success. The results from
QCD method have very little noise (typically only a few microns) and agree
very well with the centers calculated by making high order unallowed terms
zero.
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Sag of the M easuring Coil Dueto its Own Weight

—1/2 +L/2
<7 —>

For a long and thin measuring coil, the weight of the coil itself may be
enough to cause a sagitta in the coil. In this case, each subsection of the coil
rotates about its local geometric center. However, the location of this center
varies along the length of the magnet, as shown by the dashed line in the
above figure. This is different from a “bow” or bend in the coil. Various
subsections of the coil see harmonics that are in a frame which is dightly
displaced from the adjacent subsections. If ro(2) is the vertically downward
offset at axial position Z, the measured coefficients are given by:

L/2 k-n
¥ (k- l)!exp{-i(k- n)g} 5 0@ (2)0
C&n)exp(- inag) = g C(k)exp(- ika ~r a2l gz
&n)exp(- inaf) kzz.n (k)exp(- ikay) (n- DI(k- )] ngggRrer :
-L/2
For aparabolic profile given by r,(z) = hgl- ﬁﬂ it can be shown that:
e

) (k- ntexpl-ik- M8 gk mypn @ p 0
Ct(n)exp(-lnaﬁ)—ki{nC(k)exp(-lkak) (n- Di(k- ) 2(k- m)+1! Rrefg

where (2K)!! = 2.4.6.8. ... 2k, (2k+1)!l = 1.35. ... (2k+1) and O!l = 1.

For small values of h, the effect of sag is the same as a uniform displacement
of the coil by an amount (2h/3). If the measured data are corrected for the
offset of the measuring coil axis, most of the errors due to sag are aso
subtracted out, except for terms of second and higher ordersin (W/R.«) which
can be neglected for reasonable values of h.
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Measuring Coil AxisTilted wrt the Magnet Axis

Average displacement of the measuring coil =0
Displacements at the two ends are given by (ro, X) and (ro, X+p)

If the field quality of the magnet is uniform along the length, then the odd
orders of feed down from one half of the magnet will be cancelled by the
corresponding feed down from the other half of the magnet. The even orders
of feed down from the two halves will add to each other. The measured
coefficientsin this case are given by:

. & Ckexp(-ika,) (k- 1) aeoexp(ix)gk'
camept-imaf)= & T k- I E Ry b

(k- n)=even

It should be noted that the summation includes only those values of k for
which (k—n) is even. The lowest order correction term is of second order in
(ro/R&), and can be neglected in most cases for dipole and quadrupole
magnets, since there can not be any second order feed down from the main
field component. However, for sextupoles and magnets of higher
multipolarity, there can be a second order feed down from the main harmonic,
leading to large errors even with relatively small tilt. For example, the dipole
field component will be incorrectly measured in a sextupole magnet, the
guadrupole component in an octupole magnet, and so on.

Often, magnets have rather large harmonics in the lead end region which are
absent in the non-lead end region. In this case, even the first order terms from
the two halves will not cancel each other, causing large errors. Examples of
such errors are in the measurement of integral decapole terms in a quadrupole
magnet having large dodecapole termsin the lead end region.
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Effect of Tilt on Measurements of Sextupole M agnets

Granite Table Measurements: Measuring Coil Axis Parallel to Magnet Axis
Vertical Dewar Measurements. Measuring Coil Axis may not be Paralldl.
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Calibration of a Five-Winding Tangential Cail

Ne2300°22
69'50°25°£ 2"

9730072 2’1
1109°35°+ 2~

1304425+ 2"

159°50°2572 2" 92

22015°35°2 27 22

249'50°25°+ 2792
26230°0°¢2"

277300°t 2"

1. Dipole Buck Winding (DB1): Ry, d;
2. Dipole Buck Winding (DB2): R, do
3. Tangential Winding (T): Rs, ds, D, €

4. Quadrupole Buck Winding (QB1): R4, d4
5. Quadrupole Buck Winding (QB2): Rs, ds

Total Number of Parametersrequired = 12.

If a pure Dipole AND a pure Quadrupole magnet are available, with well
defined phase angles, then the angle parameters for the four buck windings
can be obtained without any difficulty. The measured angle of the tangential
in the two fields may not be the same due to the tilt, e However, with well
calibrated dipole and quadrupole fields, one could estimate the tilt using the
expressions for the effect of atilt.

What if such calibrated magnets are not available ?
How to get the various radii ?
How to get the opening angle, D ?

It is possible to get all the angles relative to each other, all the radii relative to
each other, the absolute value of the opening angle as well as the tangential
tilt — all without using any knowledge of the field strength or direction !
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Calibration of a Five-Winding Tangential Coil: Radii, D

Nezr30022"
69'80°25°£ 2"

97300 2’1
1109'35°+ 2~

130°44°28°+ 2

15950287 27 92

229153572 27 02 D131044'25"2 7"

249'50°25"+ 2°92
26230'0°¢ 2"

277°300°t 2"

Effect of a“Tilt” in the Tangential winding:

.2
e tzﬂ]D

Amplitude Corr. Factor = A, = \/1+8__ €55 : NEGLECT (2ND ORDER)

Phase Correction | |, g'%gtan 1?‘%2 t??Dgu dy(n)=d§ +1 ,

Vj(n) = Amplitude of n-th harmonic in the j-th winding.

In aDipolefield, assuming a measuring coil longer than the magnet:
VIO N{R; VoD NoRy; V(D) NgRysin(D/ 2)
a0 _ (BN, 8, a0 a@g_ae/g(l)oaa\ll
gRlﬂ 8V1(1)B§N29 gRlz 8V1(1)218N3ﬂ
Similarly, in aquadrupole field:

Va(2) 1 2N,RE: V5(2) 1 2NsRE;  V(2) i NgR§ sin(D)

1/2
aeR50 €8/5(2) aN , OU &R, 6 2/3(2) 6a2N,
‘SRo V. (D)5Ns 20 3R4z sin(D) = &,(228 N, o
If the field strengths in the dipole and the quadrupole magnets are also
known, one can obtain the absolute values of Ry, Ry, R4, Rs. From these
values, the absolute values of R; and D can also be determined. If the absolute

strengths are not known, one can only calculate the ratios of radii. Even then,
we have only four equationsin five unknowns and need more information.
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Calibration of a Five-Winding Tangential Coil: Radii, D

97300 2’1
1109'35°+ 2~

Nezr30022"
69'80°25°£ 2"

130°44°28°+ 2

15950287 27 92

22915°35°2 27 02

249'50°25"+ 2°92

262300t 2" 277°300°t 2"

Vj(n) = Amplitude of n-th harmonic in the j-th winding.
From datain a Dipole field:

a&R,0 _a/,(1)0aN; 0 a&R;0 a@g_a%(l)oaa\ll
SRo SViDeN, 5 SRp 25 SVi(1)pSN,p

From data in a Quadrupole field:

1/2
&R 0 _ €ad/5(2) 0aN , 0 Ry 6 _ &/3(2) 02N, 0
SRz SV,(2)28Ngoa 3R4z sin(D) T&V, (2% N; 2

To know rélative radii, five Unknowns: (Ry/Ry), (R/Ry), (R/Ry), (Rs/Ry), D
Need at least one more equation. If we use a sextupole field:

Vi(3) i Ny RY; V2(3)HN RS, Vs(3) 1 N3R3sin(3D/2)

3
| RO _ Gy (e o ard 88/, (3) BN &
' ERs EvEN L | ERp Sn(30/2) = ¢ 3 e N, 5

These equations give the five unknowns required to calculate the field

strengths, namely, (R/Ry), (Rs/Ry), (RJ/Ry), (Rs/R;) and D. We get one
redundant equation, which could be used for consistency check on (R/Ry).

To know the absolute values of the radii, we need to determine just one
radius. This could be obtained easily if a reference field is available.
Otherwise, the value of R; (or any other winding) can be simply guessed from
mechanical measurements, or calibrated against other known coils.
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Calibration of a Five-Winding Tangential Coil: Anglesand e

Nezr30022"
69'80°25°£ 2"

97300 2’1
1109'35°+ 2~

130°44°28°+ 2

15950287 27 92

\\
33950252 \\\

\
N

229153572 27 02 D131044'25"2 7"

249'50°25"+ 2°92
26230'0°¢ 2"

277°300°t 2"

If reference dipole and quadrupole magnets are available with precisely

known phase angles, the angles d;, d,, ds, and ds can be easily determined
from the phases of the dipole and the quadrupole components of the measured

signals. Also, we can get di(1) in a dipole magnet and ds(2) in a quadrupole
magnet. These can be used to obtain dJ and (&/ R3) us ng the relations:

dy(n)=dJ +1 ,; 8nz gg—c tgﬂ_DgE

If the absolute phase angles of both the dipole and the quadrupole fields are
not known, we make use of a sextupole field also. We can determine:

In Dipolefield: d,—d; and d3(1) — d;
In Quadrupolefield: ds—d; and d3(2) — d,
In Sextupolefield: dz — dj_ and d3(3) — d]_

Combining the data from the dipole and the sextupole fields, we get the
quantity ds(3) —ds(1), which depends on (e/Rs) and the opening angle, D.
Since D is obtained from calibration of the radii, the parameter (6/Ry) is
determined. Knowing (€/Rs), one can calculate d3(2)—d;, which can be
combined with the data in a quadrupole field to get d; and ds also relative to

d;. All angles are thus known relative to one of the windings. For measuring
coils equipped with a gravity sensor, the absolute angles can be obtained by
making measurements from the lead and the non-lead ends of a magnet. For
other systems, absolute values of angles are often unnecessary.
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